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a  b  s  t  r  a  c  t
We  report  the structural  analysis  of  Na+ and  Cs+ in  sodium  cesium  silicate  glasses  by using 23Na  and
133Cs  magic-angle  spinning  nuclear  magnetic  resonance  (MAS  NMR)  spectroscopy.  In  the  NMR  spectra  of
cesium  silicate  crystals,  the  peak  position  shifted  to higher  magnetic  ﬁeld  for structures  with  larger  Cs+
coordination  numbers  and  to lower  magnetic  ﬁeld  for  smaller  Cs+ coordination  numbers.  The  MAS  NMReywords:
ixed alkali silicate glasses
olid-state NMR
oordination number
spectra  of xNa2O-yCs2O-2SiO2 (x  = 0,  0.2, 0.33,  0.5,  0.66, 0.8,  1.0; x +  y =  1)  glass  reveal  that  the  average
coordination  number  of  both  the alkali  cations  decreases  with  increasing  Cs+/(Na+ +  Cs+)  ratio.  In  addition,
the  coordination  number  of Na+ in xNa2O-yCs2O-2SiO2 glass  is  smaller  than  that  of  Cs+.  This  difference
between the  average  coordination  numbers  of  the  alkali  cations  is considered  to  be  one  structural  reason
of the  mixed  alkali  effect.
ic  Soixed alkali effect ©  2014 The  Ceram
. Introduction
Structural analysis of alkali ions in glass is an important topic
n glass science because of the mixed alkali effect (MAE) that
riginates when the composition of a glass is altered by grad-
al substitution of one alkali for another [1–4]. More speciﬁcally,
he MAE  is characterized by the deviation from the linear addi-
ive properties of alkali silicate glasses, which can be attributed to
tructural, thermodynamic, electrodynamic, and other factors. It is
ell known that the electrical conductivity of alkali silicate glasses
ecreases when one type of alkali ion is replaced by another type
1,3]. Typically, the minimum electric conductivity is observed at
n intermediate composition.
Thus far, various structural models have been proposed to
xplain the MAE  on the basis of a homogeneous spatial cation dis-
ribution using nuclear magnetic resonance (NMR) spectroscopy∗ Corresponding author at: Institute for Chemical Research, Kyoto University,
okasho, Uji City, Kyoto 611-0011, Japan. Tel.: +81 774384721.
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[5–10], extended X-ray absorption ﬁne structure (EXAFS) analysis
[11], and so on. For instance, Ingram et al. reported that the MAE
is caused by the disturbance created when one type of alkali ion
moves to a site that was  previously occupied by another type of
alkali ion [12]. The transport of alkali ions in a glass network is hin-
dered when the network contains a different type of alkali ions,
mostly because of the energy mismatch between the sites. Several
researchers have substantiated this assumption by performing ab
initio molecular orbital calculations and XPS analysis [13,14]. In
addition, the 29Si magic-angle spinning (MAS) NMR  spectra of var-
ious types of single alkali silicates can be used to determine the
relative amounts of different SiO4 units Qn, which designates tetra-
hedrally coordinated Si with n bridging oxygen atoms and (4 − n)
non-bridging oxygen atoms. Each Qn value is established by the
equilibrium of the following reaction: Qn ↔ Qn+1 + Qn−1 [15]. This
reaction proceeds to the right with increasing ﬁeld strength (Z/r).
In fact, Stebbins observed that replacing a high-ﬁeld-strength ion
with a low-ﬁeld-strength ion (e.g., Li for Na) increases the mean
number of non-bridging oxygen atoms associated with the high-
ﬁeld-strength ion.
Recently, we investigated the heterogeneous distribution of
Na+ in mixed alkali silicate glasses (Na2O-K2O-SiO2 glass) by per-
forming 23Na multiple-quantum magic-angle spinning (MQMAS)
NMR  studies [16]. The results were also supported by the Na+
elution analysis, which showed that Na+ is extracted faster
from more “aggregated” sites than from less aggregated sites.
Moreover, the MQMAS  results revealed that cations with high-
ﬁeld strengths are likely to cluster together in mixed silicate
glasses.
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POWDER CELL. Similarly, the XRD pattern of the Cs6Si10O23 crystal
also shows a trace of an amorphous peak at around 26◦, corre-
sponding to the glass remaining after the production process. All
other diffraction peaks could be indexed to the crystal structure
 exp erimantal  (upp er)34 T. Minami et al. / Journal of Asia
Nevertheless, in the previous study, the local structure of K+
n Na2O-K2O-SiO2 glass could not be investigated, as the 39K sen-
itivity of NMR  is extremely low [16]. In order to understand the
recise mechanism underlying the MAE, analyses of the local struc-
ure of both alkali ions are required. In this study, we focused on
he Na2O-Cs2O-SiO2 glass system, which is known to show the MAE
3], because 23Na and 133Cs NMR  spectra can both be acquired.
Previously, in cesium sodium phosphate glasses, for a given
ation species A, the average distance A–O increases when the
ation A is replaced by another cation B with a smaller radius [17].
his phenomenon is seemingly different from our previous results
escribed above [16]. To identify the reason for this discrepancy, in
his study, we have analyzed Na2O-Cs2O-SiO2 glass from the view
oint of the heterogeneous distribution of the alkali sites by using
3Na and 133Cs MAS  NMR. We  have also qualitatively evaluated
he average coordination number of each ion, which have not been
reviously reported.
. Experimental
.1. Preparation of glass samples
All glass samples were prepared using the melting method from
iO2, Na2CO3, and Cs2CO3 as starting materials. In the typical pro-
ess, predetermined quantities of the starting materials were mixed
nd melted in a platinum crucible at 1350 ◦C for 1 h. Subsequently,
he melts were quenched by immersing the bottom of the platinum
rucible in water. The glasses thus obtained had a composition of
Na2O-yCs2O-2SiO2 (x = 0, 0.2, 0.33, 0.5, 0.66, 0.8, 1.0; x + y = 1). The
ctual compositions of the glasses were analyzed by X-ray ﬂuores-
ence spectroscopy (XRF; Rigaku, ZSX 100e), as shown in Table 1.
he difference between the batch and analyzed compositions was
7%. Therefore, the compositions of the glasses are given as the
atch compositions in this report.
.2. Preparation of cesium silicate crystals
Cs2Si2O5 and Cs6Si10O23 crystals were synthesized to inves-
igate the relationship between the coordination number and
hemical shift of Cs+. In a typical process, Cs2Si2O5 crystals were
repared by mixing the starting materials in amounts correspond-
ng to Cs2O-2SiO2 and melting them in a platinum crucible at
350 ◦C for 1 h [18]. The melt was slowly cooled at a rate of
.1 ◦C/min. Similarly, the Cs6Si10O23 crystals were prepared using
 glass heating process [19]. Starting materials in amounts cor-
esponding to Cs2O-4SiO2 were mixed and melted in a platinum
rucible at 1350 ◦C for 1 h, then quenched by immersing the bot-
om of the platinum crucible in water. Finally, the quenched glasses
ere heated at 840 ◦C for 240 h to obtain Cs6Si10O23 crystals.
able 1
ompositions of the xNa2O-yCs2O-2SiO2 glasses (y = 1.0, 0.8, 0.66, 0.5, 0.33, 0.2;
 + y = 1) analyzed by using XRF. The amount of alkali oxides was  calculated as
iO2 = 2.
x Na2O Cs2O SiO2
0.00 – 1.00 2
0.20 0.18 0.82 2
0.33 0.31 0.66 2
0.50 0.49 0.52 2
0.67 0.61 0.38 2
0.80 0.76 0.14 2
0.00 0.95 – 2mic Societies 2 (2014) 333–338
2.3. Characterization of crystal samples
The crystal structure of the samples was  identiﬁed by X-ray
diffraction analysis (Rigaku, RINT-2100). As Cs2Si2O5 crystals are
highly susceptible to the moisture absorbed from air, they were
enclosed in a capillary tube made of borosilicate glass and ﬁxed
onto a jig during the measurements. In addition, the XRD patterns
were also simulated from the crystal structure data [18,19] by using
POWDER CELL [20].
2.4. NMR  spectroscopy
Solid-state 23Na and 133Cs NMR  spectra of all the crystal and
glass samples were acquired on a Chemagnetics CMX400 spectrom-
eter using a commercial probe (4 mm).  To avoid including water,
the samples were crushed and sealed into sample holders in a glove
box. After the measurements, the samples remained in a pow-
der form, indicating that they absorbed no moisture. The rotation
speed was set to 10 kHz with an accuracy of ±10 Hz. At an exter-
nal ﬁeld of 9.4 T, the resonance frequencies were near 103.7 and
53 MHz  for 23Na and 133Cs, respectively. For each measurement,
90◦ pulses were set to 2.2 and 10 s for 23Na and 133Cs, respec-
tively. The spectra were obtained with a cycle time of 1 and 200 s
for 23Na and 133Cs, respectively. The chemical shift references were
1 mol/L NaCl and 1 mol/L CsCl aqueous solutions, whose chemi-
cal shifts were set to 0 ppm. All the spectra were normalized, as
the total areas are proportional to the content of the alkali that
is observed by NMR. For example, the area of the 23Na MAS  NMR
spectrum of 0.8Na2O-0.2Cs2O-2SiO2 is 4 times larger than that of
0.2Na2O-0.8Cs2O-2SiO2. Accordingly, the areas of the spectra can
be compared with each other.
3. Results
3.1. XRD analysis of cesium silicate crystals
The X-ray diffraction patterns of Cs2Si2O5 and Cs6Si10O23 crys-
tals are shown in Figs. 1 and 2, respectively. The XRD pattern of the
Cs2Si2O5 crystal shows an amorphous broad peak at around 20◦,
corresponding to the borosilicate of the capillary tube. All other
diffraction peaks could be indexed to the crystal phase of Cs2Si2O5,
whose peaks were simulated from the crystal structure by using10 20 30 40 50
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Fig. 1. XRD pattern of Cs2Si2O5 crystal. The XRD pattern of the standard Cs2Si2O5
crystal obtained from the simulation using POWDER CELL is also provided for refer-
ence. The hollow pattern is due to the borosilicate glass tube that was used to avoid
water absorption.
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Fig. 2. XRD pattern of Cs6Si10O23 crystal. The XRD pattern of standard Cs6Si10O23
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atoms in Cs2Si2O5. Thus, the Cs sites in Cs2Si2O5 are considered
to be 8-coordinated. In Cs6Si10O23, there are 13 oxygen atoms atrystal obtained from the simulation using POWDER CELL is also provided for ref-
rence.
f Cs6Si10O23 [19], whose peaks were simulated by using POWDER
ELL like those of Cs2Si2O5. The XRD patterns of both cesium silicate
rystals revealed a single phase without any impurities or mixed
hases.
.2. 133Cs MAS  NMR  spectra of cesium silicate crystals
Fig. 3 shows the 133Cs MAS  NMR  spectra of the Cs2Si2O5 and
s6Si10O23 crystals prepared in this study. The NMR  peaks were
plit by quadrupolar coupling, and thus were not isotropic chemi-
al shifts. As is well known, performing measurements at multiple
agnetic ﬁelds would provide the isotropic shifts for these spectra.
owever, such data were not available in this study. Therefore, the
hemical shifts of the cesium silicate crystals were deﬁned as the
rithmetic averages of the splitting peaks. For example, the chem-
cal shift for Cs2Si2O5 was calculated as (197 + 182)/2 ≈ 190 ppm.
lthough this treatment is insufﬁcient for quantitative analysis,
he spectra of the glass samples were broad and thus could be
nterpreted successfully. According to this method, the chemical
hifts of Cs2Si2O5 and Cs6Si10O23 crystals were estimated as 190
nd 140 ppm, respectively.
In addition, larger numbers of cesium silicate crystals are needed
o evaluate the precise coordination numbers. However, only two
inds of crystals are available. We  have tried to make additional
ingle crystals using several different methods but failed to obtain
ingle crystals.
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Fig. 3. 133Cs MAS  NMR  spectra of cesium silicate crystals.Fig. 4. 23Na MAS  NMR  spectra of xNa2O-yCs2O-2SiO2 glasses (x = 0.2, 0.33, 0.5 0.66,
0.8,  1.0; x + y = 1).
3.3. 23Na and 133Cs MAS  NMR of xNa2O-yCs2O-2SiO2 glasses
Fig. 4 shows the 23Na MAS  NMR  spectra of the xNa2O-yCs2O-
2SiO2 glasses prepared in this study. The spectra shifted to higher
ﬁeld with increasing Na2O content. The 133Cs MAS  NMR  spec-
tra of xNa2O-yCs2O-2SiO2 glasses are shown in Fig. 5. When the
Cs+ in the Cs2O-2SiO2 glass (y = 1.0) was  replaced with Na+, the
low-magnetic-ﬁeld component of the NMR  spectrum (at around
250 ppm) decreased in intensity, while the high-magnetic-ﬁeld
component (at around 100 ppm) became the main peak.
4. Discussion
4.1. Correlation between chemical shift and coordination number
of Cs+ in silicate glasses
The coordination of the central atom in a crystal is deﬁned as the
number of nearest neighbors. By using POWDER CELL, the numbers
of oxygen atoms were plotted as a function of the Cs–O distance in
Figs. 6 and 7 for Cs2Si2O5 and Cs6Si10O23, respectively. As Xue and
Stebbins pointed out [21], there is a distance gap between the ﬁrst
coordination spheres containing oxygen and the outer sphere. In
the present case, there is a gap at 0.350 nm for four kinds of cesiumdistances within 0.375 nm,  and the more distant oxygen atoms are
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In
te
ns
ity
 (a
.u
.)
Chemic al s hif t / ppm
            y
 1.0
 0.8
 0.66
 0.5
 0.33
 0.2
Fig. 5. 133Cs MAS NMR spectra of xNa2O-yCs2O-2SiO2 glasses (y = 1.0, 0.8, 0.66, 0.5,
0.33, 0.2; x + y = 1).
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Fig. 6. Relationship between Cs O distances and coordination numbers in Cs2Si2O
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eparated from this ﬁrst group by about 0.1 nm.  Therefore, the Cs
ites in Cs6Si10O23 are considered to be 13-coordinated.
As can be seen from Fig. 3, the peak position shifted to higher
agnetic ﬁeld for larger coordination numbers of Cs+, while the
eak positions shifted to lower magnetic ﬁelds for smaller coor-
ination numbers of Cs+. In other terms, the Cs+ with the higher
oordination number of 13 in Cs6Si10O23 showed a high-ﬁeld shift
140 ppm), while that with the smaller coordination number of 8 in
s2Si2O5 exhibited a low-ﬁeld shift (190 ppm). This relationship is
imilar to that found in sodium silicate by Stebbins [8,21], wherein
he crystal coordination number of Na+ ions is related to the 23Na
rystal chemical shift. Even though there are only two  kinds of
rystals, we have nevertheless evaluated the relationship between
he coordination number, Nc, and the chemical shift of Cs, Cs, as
ollows:c = −0.814Cs + 24.4 (1)
sing this equation, we have evaluated the coordination number
f Cs+ in the glasses, which is shown in Section 4.4. We  have also
valuated the relationship between the chemical shifts and theCs-O distance / 10  nm 
5. There exist four kinds of cesium that are crystallographically independent.
coordination number of Na+ in silicate glasses from reference data
[8].
4.2. 23Na MAS  NMR  of xNa2O-yCs2O-2SiO2 glasses
Although there seems to be only one resonance in the 23Na MAS
NMR  spectra that shifted in response to composition changes, the
broadness of the spectra is still assumed to be related to the sodium
site distribution in the glasses and not just due to quadrupolar
broadening [16]. In particular, replacing Na+ in Na2O-2SiO2 glass
(x = 1.0) with Cs+ decreases the intensity of the high-magnetic-ﬁeld
component in the NMR  spectrum (at around −25 ppm), because
their areas were proportional to the amount of Cs in the glasses.
At the same time, the low-magnetic-ﬁeld component (at around
5 ppm) became the main peak. According to the previous study
[8], the high-magnetic-ﬁeld component in the 23Na NMR  spectra
of xNa2O-yCs2O-2SiO2 glass at around −25 ppm can be attributed
to Na+ with a larger coordination number. On the other hand, the
low-magnetic-ﬁeld component in the 23Na NMR  spectra at around
5 ppm can be attributed to Na+ with a smaller coordination number.
Upon replacing Na+ with Cs+, the 23Na MAS  NMR  intensity of Na+
with a larger coordination number (at around −25 ppm) decreased,
while Na+ with a smaller coordination number (at around 5 ppm)
became the main component. This behavior is similar to that of
Na+ in Na-K silicate glass [5]. Additionally, the FWHM of the 23Na
NMR  spectrum is a measure of the distribution of coordination
numbers of Na+. When the Na+ in Na2O-2SiO2 glass (x = 1.0) was
replaced with Cs+, the FWHM decreased from 37 ppm to 32.7 ppm.
This observed reduction in the FWHM indicates that the coordina-
tion number of Na+ in Na-Cs silicate glasses tends to decrease when
Na+ is replaced with Cs+.
4.3. 133Cs MAS NMR of xNa2O-yCs2O-2SiO2 glassesIn the 133Cs NMR  spectra of xNa2O-yCs2O-2SiO2 glass shown
in Fig. 5, the high-magnetic-ﬁeld component (at around 100 ppm)
can be attributed to Cs+ with a larger coordination number, while
T. Minami et al. / Journal of Asian Cera
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rig. 8. Average coordination numbers of Na+ and Cs+ in xNa2O-yCs2O-2SiO2 glasses
y  = 1.0, 0.8, 0.66, 0.5, 0.33, 0.2; x + y = 1).
he low-magnetic-ﬁeld component (at around 250 ppm) can be
ttributed to Cs+ with a smaller coordination number. First, it was
ound that Cs+ also has a distribution of coordination numbers in
Na2O-yCs2O-2SiO2 glasses, like Na+. Second, when Cs+ is replaced
ith Na+, the MAS  NMR  signal for Cs+ with a smaller coordination
umber (the area around 250 ppm) decreases relatively, while the
s+ with a larger coordination number (the area around 100 ppm)
ecomes the main component. Therefore, as the concentration of
a+ increases (decrease in Cs+ concentration), Cs+ with a larger
oordination number becomes the main component. On the other
and, as the concentration of Na+ decreases (Cs+ concentration
ncreases), Na+ with a smaller coordination number becomes the
ain component.
.4. Changes in the coordination numbers of alkali ions in
Na2O-yCs2O-2SiO2 glasses
To compare the coordination numbers of Na+ and Cs+, the aver-
ge coordination number of alkali cations in Na-Cs silicate glass
nd the chemical shift were calculated from their corresponding
elationship in the crystal by using Eq. (1). The results are shown
n Fig. 8 and Table 2. We  note here that the coordination num-
ers were obtained by extrapolation, indicating that the values are
nly suitable for qualitative analysis. In Na-Cs silicate glasses, the
verage coordination numbers of both the alkali cations decreased
from 9 to 7 for Na+ and from 16 to 11 for Cs+) with increasing
s+/(Na+ + Cs+). In this report, we cannot quantitatively discuss the
arger change in the coordination number observed for Cs+, because
uch values were acquired by extrapolation and only provide qual-
tative information. A detailed discussion of this phenomenon will
e presented elsewhere. The observed change in the average coor-
ination number is attributed to the difference in basicity between
a2O and Cs2O. Since the basicity of Cs2O (1.18) is larger than
hat of Na2O (1.11), the basicity of the entire glass increases with
ncreasing Cs+/(Na+ + Cs+). Consequently, the effective charge of
2− becomes larger [22], and fewer O2− ions can compensate for
he positive charge of the alkali cation. In brief, as the Na+ in the
a2O-2SiO2 glass (x = 1.0) was replaced with Cs+, the basicity of
he entire glass increased, which was accompanied by a decrease
n the coordination number of Na+ in the glass. As the Cs+ in the
able 2
stimated coordination numbers of Na and Cs in xNa2O-yCs2O-2SiO2 glasses
x  + y = 1) by using Eq. (1). NNa and NCs are the coordination numbers of Na and Cs,
espectively.
y
0 0.2 0.33 0.5 0.66 0.8 1
NNa 9.0 8.1 7.6 7.6 7.5 7.3
NCs 16.3 15.8 15.4 14.6 13.2 11.1
[
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Cs2O-2SiO2 glass (x = 1.0) was  replaced with Na+, the basicity of
the entire glass decreased, and a corresponding increase in the
coordination number of Cs+ was  observed.
4.5. Structural reason of the mixed alkali effect
In Section 4.4, the effect of replacing one alkali with another was
discussed from the viewpoint of the basicity of the alkali oxides. In
this section, the coordination environment around each alkali ion
is also discussed on the basis of ionic radii. This can be a more useful
description, because the ionic radii provide a more straightforward
explanation of the local environments around alkali ions.
According to Fig. 8, the coordination number of Na+ (around
7–9) is smaller than that of Cs+ (around 11–16) in xNa2O-yCs2O-
2SiO2 glass. Since the ionic radius of Cs+ is larger than that of Na+,
the bond distance between Cs+ and O2− is longer than that between
Na+ and O2−. Such separation decreases the effective charge of O2−,
and thus, a larger number of O2− ions can exist around Cs+ than
around Na+. Accordingly, the observed difference in the average
coordination number arises from the ionic radius.
The observed difference in the average coordination number
contributes to the MAEs in Na-Cs silicate glasses. When Na+ at a
site with a smaller coordination number is exchanged with Cs+ at
a site with a larger coordination number, the exchange activation
energy becomes larger. In addition, this exchange decreases the
ionic conductivity, because the coordination environment around
the alkali cation is different at the different sites. Therefore, the dif-
ference in the average coordination number of alkali cation can be
considered a structural reason of the MAE.
5. Conclusion
In summary, we  analyzed the local structure of the alkali ions
23Na and 133Cs in sodium cesium silicate glasses by using NMR.
In the NMR  spectra of the cesium silicate crystals, the Cs+ with
the larger coordination number (Cs6Si10O23) showed a high-ﬁeld
shift, while that with the smaller coordination number (Cs2Si2O5)
exhibited a low-ﬁeld shift. In Na-Cs silicate glasses (xNa2O-yCs2O-
2SiO2), it is found that (1) the coordination numbers of both alkali
cations (Na+ and Cs+) become smaller as Cs+/(Na+ + Cs+) increases
and (2) the average coordination number of Na+ is smaller (around
7–9) and that of Cs+ is larger (around 11–16) for xNa2O-yCs2O-
2SiO2 glass. This difference in the average coordination number
increases the exchange activation energy, which is considered to
be a structural reason of the MAE.
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